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ABSTRACT 
 
During the last decade atmospheric pressure plasma sources have been very successful 
in various practical applications such as surface cleaning, modification and sterilization. 
Lately thin film deposition and etching applications of atmospheric plasmas are being 
extensively investigated. For efficient film deposition process, a high frequency power 
source and an additional heating scheme are generally preferred even in atmospheric 
pressure plasma process. However, considering the weak thermal property of the polymeric 
substrates, different approaches are necessary for the thin film applications.  
In this work, commercial parallel-plate type and newly designed cylindrical DBD 
(Dielectric Barrier Discharge) torch have been characterized and compared based on the 
electrical and optical diagnostics results. The impact of electric field on APCVD 
(Atmospheric pressure plasma chemical vapor deposition) process was investigated by using 
two typical electrode configurations of cylindrical dielectric barrier discharge. With 
HMDSO (hexamethyldisiloxane) monomer source, uniform and dense SiOx (silicon oxide) 
film was deposited on silicon wafer and polypropylene substrate.  
A dense, smooth film was deposited on the Si substrate with a direct plasma system 
rather than a remote plasma system. In terms of chemical composition, the film prepared by 
direct plasma is desirable as the film was inorganic with enough bonding like Si-O-Si, 
Si-OH while the ones prepared with remote plasma was observed to be much more organic 
by having a larger number of methyl group on the film surface.  
In order to adapt the CVD process for thermally weak thin polymeric substrate, another 
dielectric layer with higher dielectric constant was added underneath the polymer sample on 
top of the ground electrode. As a result of which the total active capacitance and charge 
density was enhanced even under lower applied voltage conditions. The modified recipe and 
configuration provided a good film quality without any film damage.  
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CHAPTER 1: INTRODUCTION  
1.1 Dielectric Barrier Discharge (DBD) at Atmospheric-Pressure  
The Dielectric Barrier Discharge (DBD) is now one of the most popular plasma 
discharge schemes and electrode configurations especially for atmospheric pressure plasma 
application. DBD has widely been used in various fields like semiconductor packaging, flat 
panel displays, optical films and solar cells, etc. DBD is highly non-equilibrium plasmas that 
provide high density active species including radicals, energetic electrons and ions but still 
has moderate gas temperature. Due to this characteristic of DBD discharge, it can be applied 
to thermally weak polymeric materials and even living cells. Atmospheric pressure plasmas 
can be classified into non-thermal and thermal discharges as shown in Fig. 1.1 [1].  
Non-thermal plasmas are typically characterized by a relatively low gas temperature and 
high kinetic energy of electrons. DBD is often classified in the non-thermal plasma category 
with corona discharges, microhollow cathode discharges and OAUGDP (so-called one 
atmosphere uniform glow discharge plasmas [2]).  Thermal plasmas have thermal 
equilibrium and identical temperature characterized by one Maxwellian velocity distribution 
function of particles. Arc and inductively coupled plasma discharge belong to this group. 
Microwave plasma sources can be thermal or non-thermal plasma, depending on the operating 
conditions.  
Typical electrode configurations of DBD system are shown in Fig. 1.2. Between the 
counter electrodes, if there’s at least one dielectric layer in the current path then it can be 
called as a dielectric barrier discharge system. Glass, quartz and ceramics such as alumina, 
titanium oxide are typical dielectric barrier material but other insulating materials like thin 
polymer films can also be used according to their application and operating conditions. In 
Table 1.1, the most typical characteristics and operation conditions of DBD discharge are 
summarized. Because of the intrinsic capacitive power coupling scheme through the 
insulating material to the gas gap, DBD is mostly driven by alternating voltage or by pulsed 
power sources as well. 
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Fig 1.1 Subdivision of plasmas at atmospheric pressure [1] 
         (OAUGDP: One atmosphere uniform glow discharge plasma 
 
 
Fig. 1.2 Typical electrode configurations of barrier discharges [1] 
 
Table 1.1 Typical operation conditions of DBDs in air [1] 
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1.1.1 DBD System at CPMI (Center for Plasma Material Interaction) 
Fig. 1.3 and 1.4 are actual photographs of CPMI’s two different DBD systems. The one in 
Fig. 1.3 is a commercial product (NPT 303–550S) donated by PSM (Plasma Systems and 
Materials, Inc. Korea).  It has a discharge area of 550mmx40mm.  The cylindrical torches 
seen in Fig. 1.4 are for APCVD (Atmospheric Pressure Plasma Chemical Vapor Deposition) 
process. An AC resonant type power source of 4 kW and 30 kHz is installed. The commercial 
DBD system typically operates in N2 based discharge and the cylindrical torch for CVD 
application needs He gas for sustaining stable discharge. According to its specific purpose of 
the application, air, NF3 or other special liquid source such as HMDSO 
(Hexamethyldisiloxane) can be introduced as a reactive gas. 
The commercial DBD system was mainly used for the surface modification of flat 
substrates. For the typical hydrophilic surface modification, air or oxygen is inserted for 
nitrogen (N2) based discharge and for hydrophobic modification NF3, C4F8, CF4 are used. The 
system has a parallel-plate type electrode configuration. Plasma discharge is achieved 
between the ceramic barrier and ground electrode by applying a high voltage. Figure 1.3 (c) 
shows the electrode configured of the DBD system. Through the hole arrays on the ground 
plate, active neutral radicals come out and the surface reaction occur on the substrate without 
any electrical damage. It is in principle called ‘remote plasma’ without any ionic species or 
electron leakage. Instead, it has a very limited effective length of plasma with only several 
mm range. Fig. 1.3 (d) shows the actual light emission from DBD discharge.  
On the other hand, the cylindrical torch was newly designed for the deposition process 
especially in order to apply for the curved shape of the material. The cylindrical torch 
operates at a relatively low voltage regime and is more flexible in operation. With lower 
applied voltage and high amount of He it will sustain glow-like plasma.  It is very useful for 
the surface treatment of 3D objects with much longer plasma plume. Owing to its simple 
geometry it doesn’t make much loss of atomized liquid source in CVD process. That is 
another benefit of the cylindrical torch. Structure and characteristics of the cylindrical torch is 
explained in detail in chapter 2. 
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System/Application Power Typical Gas Recipe Discharge Area 
Commercial DBD 
-Surface modification 
6-12kV 
Max. 4 kW 
(30kHz) 
N2 (200-300 lpm) /  
Air(0.03-0.2 lpm) or NF3  
550 mm x 40 mm 
Cylindrical Torch 
-APCVD 
He (10-20 lpm)/N2 1 lpm/ 
O2  0.1 lpm / HMDSO  
Diameter ~10mm 
Table 1.2 Specifications of DBD system at CPMI 
 
 
(a)                                       (b)  
                                                                                                                                                                                                                                                         
                                                                                                                                                           
(c)  
 
(c)                                       (d) 
Fig. 1.3 (a) (b) Photographs for DBD system installed at CPMI   
(c)DBD electrode configuration (d) light emission of remote plasma 
 
 
Fig. 1.4 Cylindrical torches at CPMI 
(a) ring and rod type (b) double ring type DBD  
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1.1.2 Application of DBD 
Among a number of interesting industrial applications of DBD, the lithography related 
applications will be mainly discussed in this chapter. Surface cleaning, modification, 
deposition and etching are the most important and basic applications in order to substitute 
traditional vacuum plasma based manufacturing process.  Especially the need for 
atmospheric pressure plasma source becomes remarkable in large scale manufacturing such as 
flat panel display or thin optical film.   
1.1.2.1 Surface Modification – Hydrophilic Surface Treatment 
The hydrophilic modification of inactive polymeric surface by using atmospheric 
pressure plasma especially DBD discharge has been widely investigated by many research 
groups and successfully adopted in actual manufacturing process. Owing to the huge number 
density of active radicals it drastically raises the surface energy and enhances the wettability 
for water or other general chemical etchant at any particular instant. The surface energy and 
wettability change can be evaluated by contact angle measurements as shown in Fig. 1.5 [3].  
Water has a surface tension of 72 dyne/cm and the substrate has a unique surface energy. 
Based on the difference between the surface energies of water and a substrate, the contact 
angle between them will change. When the substrate has a higher surface energy, the contact 
angle will be lowered. So in Fig. 1.5, the decreased contact angle indicates the higher surface 
energy after the plasma treatment.   
In a field like TFT-LCD, through the whole lithography process, the atmospheric 
pressure plasma system does a significant job in securing the adhesion or reliability of each 
multi stacked layers with the hydrophilic surface modification reaction. For every deposition 
process, a substrate is designed to go through very thorough wet and dry cleaning or surface 
modification process using chemical, DI water, vacuum plasma or EUV system. At the same 
time with the surface modification, the surface cleaning can also occur. It can literally burn 
out several atomic layers of organic contamination effectively and it helps to obtain regulated 
quality of the final product. Active oxygen radicals in atmospheric pressure plasma are known 
to make new hydrophilic functional groups such as a carbonyl (-C=O) or carboxyl (-COOH) 
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on the surface of the substrate as shown in Fig. 1.6 and Table 1.3 [3]. At the same time O* 
radical can capture carbon to form volatile products such as CO or CO2 which can then be 
blown out.  
  
Fig. 1.5 Contact angle measurement result before and after the atmospheric plasma 
treatment of PTFE.[3]  (a) Untreated(128.4◦). (b) Treated (34.9◦). 
 
 
Fig. 1.6 High-resolution C1s spectra of PTFE. (a) Untreated. (b) Treated.[3] 
 
 
Table 1.3 possible groups and their percentages for deconvoluted high-resolution   
C1s spectra [3] 
 
1.1.2.2 Surface Modification - Hydrophobic Treatment 
In addition to typical hydrophilic modification, hydrophobic surface modification is 
another very important and essential surface reaction for the manufacturing industry such as 
micro inkjet printing, corrosion protection, self-cleaning surfaces and bio-devices with no 
protein coagulation etc.  
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In order to achieve those hydrophobic surface conditions, typically high flow rate of 
fluorocarbon compound such as CF4, C4F8 or NF3 have been often used. These are common 
gas components for etching processes too but when they are supplied in high flow rate with 
increased process time, the surface will acquire –CF2 bonding instead of getting etched [4].  
Considering the toxicity of fluorine compounds, other liquid sources such as HMCTSO 
(hexamethylcyclotrisiloxane), PDMS (polydimethylsiloxane) oil have been explored as an 
alternative way [5-6]. Not only the chemical modification effect but also the manipulation of 
physical morphology has been attempted by many researchers who have been inspired by the 
N.A. Patankar’s work on mimicking lotus effect [7].  As we can see in Fig. 1.7, after the 
plasma treatment polyimide substrate was modified to special surface roughness and the 
water contact angle is reported over 100 deg (max. 105.7bdeg) dependent on its own 
microstructure [8]. As a result, the size of the inkjetted spot shows differences between 
untreated and treated substrate. On the treated surface with hydrophobic plasma process, the 
ink which has intrinsically extremely low surface energy isn’t spread that much and keeps 
good shape less than 100m as shown in Fig.1.8.  
 
Fig.1.7 (a) Original polyimide and (b) modified polyimide Surface structure [8] 
 
Fig. 1.8 Inkjetted result (a) before and (b) after hydrophobic surface modification [8] 
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1.1.2.3 PR (Photoresist) Ashing  
Unlike with RF or microwave discharge, DBD is known to have relatively low gas 
temperature, plasma density and electron temperature. There could be a big difference in 
ashing rate but it still has a unique benefit in the spatial uniformity over a wide scale. So the 
DBD plasma ashing process has been adapted in many TFT-LCD manufacturing line these 
days. As shown in Fig. 1.9, after the wet PR (photoresist) strip process, the patterned glass 
had to go through vacuum plasma ashing step before moving to the next deposition process.  
In this case, the requirement for the ashing thickness is approximately several hundreds of 
angstroms [Å] only for cleaning the scum of residual PR material on the substrate, as in Fig. 
1.9 and after the plasma treatment, clean SiO2 substrate is recovered and the surface 
roughness of the coated color PR layer appears to be improved. In Fig. 1.9 ‘PR’ layer means 
the RGB color filter photo resist. 
 
Fig. 1.9 Scanning electron micrographs of surface structures before (a) and after (b) 
    atmospheric plasma ashing with N2/O2 plasma without fluorocarbon compounds 
  
1.1.2.4 Thin Film Deposition 
The deposition is one of the most important processes in thin film manufacturing. Thin 
film deposition using atmospheric pressure plasma has lots of benefits compared to its 
vacuum counterparts. Under vacuum environment, physical sputtering process and chemical 
vapor deposition are comparably important. However, in applications of atmospheric pressure 
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plasma is limited by a few high temperature processing with very sophisticated configuration 
[9]. Owing to its huge energy loss from collisions and short mean free path, it is difficult to 
expect to obtain high quality deposition film just with pure physical sputtering effect under 
high pressure condition.  
During the last decade APCVD has been studied intensively focusing on dielectric 
barrier coating for flexible displays and solar cell applications. Instead of typical reactive 
gases such as oxygen, hydrogen or fluorocarbon compounds, various kinds of liquid 
monomer sources such as HMDSO (Hexamethyldisiloxane), TEOS (Tetraethyl orthosilicate), 
HMDSN (Hexamethyldisilazane) can be used to deposit new layers on the substrate. 
According to a specific purpose, any specific monomer can be selected. Most of all, for the 
deposition of thin film, the power density of the plasma and the monomer residence time in 
the plasma are the most influential parameters. At a low power the monomer structure is 
normally preserved, but at a high power the chemical structure of the deposited layer can be 
totally different and corresponds only to the monomeric atomic composition [10]. APCVD 
process is discussed in detail in section 1.2. 
 
1.1.2.5 Other Applications 
Apart from the applications related to conventional photolithography process, 
atmospheric pressure DBD has been investigated for various interesting application field 
including lighting, fabric and bio-medical application too. As shown in Fig. 1.10(a) a DBD 
electrode unit can be installed on top of a cooling drum in web manufacturing line. Also for 
the medical application, it has been widely studied in cancer therapy, sterilization using small, 
well focused torch as shown in Fig. 1.10(b) . 
 
 
 
 
                             
Fig. 1.10.  DBD system for (a) web manufacturing and for (b) medical application 
a) 
b) 
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1.2 Atmospheric Pressure Plasma Chemical Vapor Deposition 
In order to overcome the drawbacks of high thermal load from the traditional heat 
activated CVD process, PECVD (plasma enhanced chemical vapor deposition) has been 
developed and utilized in numerous applications now. Under vacuum condition, 
non-equilibrium, non-thermal plasma is generated by electrical discharges in the gas phase 
and in this case electron has much higher energy than the neutral gas molecules. Mainly 
through the inelastic collisions of the electrons with precursor, chemically active species that 
participate in the surface reaction is generated and it leads to new film formation on the 
substrate [11-12]. 
However, LP-PECVD(Low pressure-plasma chemical vapor deposition) has a few 
limitations in many actual applications. For example, LP-PECVD chamber shown in Fig. 1.11 
consists of many complicated vacuum components. Especially for large scale processes, such 
as optical films or flat panel display manufacturing, the typical size of the substrate is almost 
2,000 mm.  The size of the substrate is becoming increasingly larger. In order to secure good 
film quality, industries still rely on vacuum deposition process but the cost of equipment is an 
issue. Because of this situation, the need for the APCVD (Atmospheric pressure plasma 
chemical deposition) system increases. 
                 
Fig. 1.11 An example of LP-PECVD system [13] 
: Inert gas 
-CH
3
 
Reactive source 
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The parameters of overall non-thermal atmospheric pressure plasma are very close to 
LP-PECVD which has an average electron temperature between 1-10 eV and an electron 
density of 10
8
 – 1012 cm-3[11-12]. Therefore, it’s expected to obtain a comparable film quality 
from the APCVD process as in LP-CVD. Fig. 1. 12 is an illustration of APCVD system. The 
APCVD system has intrinsic benefit to support in-line manufacturing.  
 
 
Fig. 1. 12 An illustration of APCVD system [14] 
 
Based on the high pressure and high neutral density of APCVD process, it is expected to 
have unique difficulties unlike LP process as below [11]. 
 
i) Powder formation : Due to the high partial pressures of precursors(about three 
orders of magnitude higher than in LP process), it leads to significant increase in 
homogeneous reaction and ends up with powder formation as layers grow 
heterogeneously   
ii) Poor thickness uniformity : Because of the same reason discussed above, too 
high precursor flow results in higher film growth rate and at the same time can 
cause depletion of the precursor within the gas flow over the substrate resulting 
in serious non-uniformity in deposited film thickness 
iii) Mass transport limitations : Lack of uniformity in mass transport than vacuum 
plasma, this can be another reason for the poor thickness uniformity  
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iv) Intermixing with precursor : For the remote plasma configuration, when the 
plasma stream exiting the discharge region is mixed with vaporized liquid 
precursor molecules, it’s not easy to achieve the good intermixing required for 
uniform layer distribution  
These unique features of APCVD need to be considered when designing electrode 
system and liquid source for CVD process. It is about controlling the high reaction rate 
based on the high process pressure conditions. In this work, by independent precise flow 
control of liquid vapor source it was resolved effectively which is discussed in detail in 
the chapter 4 with actual measurement results. 
 
1.3 Method for SiOx Thin Film Deposition  
Among the various kinds of dielectric materials, SiOx barrier coating has been shown 
as one of the most promising electrical or mechanical protective barriers in various kinds of 
applications including microelectronics, optics and even food packaging [15-17]. It has been 
widely investigated, especially using plasma-polymerization, because it is highly 
cross-linked, highly resistant to heat and corrosion, and has excellent adhesion properties 
[18-21]. Brief descriptions of each APCVD system from the reference work are summarized 
with the information about precursor used for each different APCVD process in Table 1.4. 
As a common precursor for SiOx film formation, HMDSO (hexamethyldisiloxane), HMDS 
(hexamethyldisilazane) and TEOS (tetraethoxysilane) have been frequently used as shown in 
Table 1.4. 
Group System/Operating condition Precursor Characteristics 
Alexandrov 
(2005) [22] 
Coaxial insulated electrodes 
4-10kV, 40-90W, Ar/O2 
HMDSO Substrate  
Si wafer 
300-600
o
C 
Vinogradov 
(2009) [20] 
Parallel plate type DBD 
40kHz, 4ms pulse on/off, 3-8kV 
He/O2, He/N2O 
HMDSO Deposition 
Rate 
1-12nm/sec 
Table 1.4. References of SiOx thin film deposition by using APCVD 
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Group System/Operating condition Precursor Characteristics 
Kim 
(2009) [23] 
Remote type DBD (Multi-pin type electrode) 
5kV, 25kHz,  He/O2/Ar  
HMDS 
65
o
C 
Substrate  
Si wafer  
<50
o
C 
Larclause 
(2009) [24] 
APTD(Atmospheric pressure Townsend 
discharge)  2kHz, 0.3W/cm
2    
I/V control 
Two metallized alumina plate(3.2x3.2 cm
2
) 
HMDSO 
10ppm 
Deposition 
Rate 
13nm/min 
Huang 
(2009) [25] 
APPJ(Atmospheric pressure plasma jet) 
16kHz, Air 30lpm 
TEOS 
150
o
C 
Substrate 
Polycarbonate 
Morent 
(2009) [26] 
Parallel-plate type glow like DBD 
4cm, 50kHz,5-15W,  Ar 3lpm 
HMDSO 2-4nm/sec 
Barankin 
(2010) [27] 
RF-APCVD remote 
27.12MHz(250W), He/O2 30:0.7lpm 
2.5cm (Fluorinated silica glass Deposition) 
TMCTS† 
TEOFS†† 
19-25
o
C 
3-18nm/min 
Substrate 
heating 120
o
C 
Gil 
(2010) [18] 
Flat parallel electrode 
10-100kHz,20kV, N2/O2 
HMDSO Substrate 
Fe film 
Elias 
(2011) [28] 
APPJ(Atmospheric pressure plasma jet) 
23kHz, 15kV N2 2000l/h  
TEOS 
180
o
C 
Substrate 
EPDM 
Table 1.4. (cont.) 
       †TMCTS (Tetramethylcyclotetrasiloxane), ††TEOFS (Tetraoxyfluorosilane) 
         
In terms of electrode configuration, parallel-plate type has been mostly utilized and some 
of the modified configurations have been attempted. In direct electrode schemes, a substrate 
would be positioned between a high voltage and ground electrode as they are exposed to huge 
collision from the energetic ionic species. Specifically, when a microstreamer appears 
according to an operational condition, it often ends up with surface damage of the substrate. 
Based on this concern about strong ion bombardment effect, intensive study on glow-like 
plasma discharge and remote type electrode configuration has been pursued for a long time 
[29]. As illustrated in Fig. 1.13, a substrate is located outside the plasma discharge area in a 
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remote type electrode and it is free from ion damages. However, a film quality and deposition 
rate is relatively poor and in order to compensate for weak surface reaction, a high frequency 
power source is often used.  
 
Fig. 1.13 APCVD system with remote plasma electrode configuration [30] 
 
In many of these reference works, in order to achieve high film quality, additional 
heating of the substrate was attempted, which is not available for the treatment of thermally 
weak thin polymer film.  
 
1.4 Motivation for Studies 
During the last decade, the atmospheric pressure plasma systems have been 
successfully launched in the market especially for surface modification and cleaning 
applications. Making a transition from conventional vacuum plasma to atmospheric process 
even in etching and deposition processes has been a vision of many researchers working in 
atmospheric plasma field. Although many researchers have achieved remarkable progress in 
the APCVD process, there still remain unsettled issues.  
Regarding power dependence, several different approaches has been explored. For 
example, at the same average power level, a medium frequency (23 kHz) and a conventional 
RF (13.56 MHz) system were compared with a CVD source. Plasma discharge produced by 
the medium frequency power source provided much more ionic species, active oxygen ions 
(O
+
, O2
+
) and molecular hydrogen than that by the RF because of the higher electric field 
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strength in the medium frequency system [15]. 
At the very early stage of DBD many researchers were focused on atmospheric 
pressure glow discharge in order to avoid electrical arc damage. Even though it may be 
beneficial and critical, atmospheric pressure glow discharge and Townsend discharge modes 
(10
3
-10
4
 W/m
2
) cannot deposit as much power into the plasma as the filamentary DBD 
systems(>10
5
 W/m
2
) [31].  
 In this work, the electrode configuration is claimed to be more crucial than the 
power density itself for the film deposition process at atmospheric pressure, i.e. whether the 
substrate is exposed under strong electric field distribution or not will be an important factor. 
Although the direct type plasma had 10 times smaller discharge current than the remote type 
plasma, it has shown much stronger plasma emissions from the very top surface of the 
substrate where the actual surface reaction would occur for the film formation. All the ionic 
fragments of HMDSO in direct plasma configuration as shown in Fig. 2.1 (b) are expected 
to reach the substrate with high kinetic energy and form a dense and highly cross-linked 
film.    
Other than the power supply and electrode configuration, the precise flow rate control 
of reactive vapor sources is the second most important factor to be considered. Because the 
reaction probabilities for these species after the torch exit are much higher compared to low 
pressure processes and thus results in more porous and less homogeneous layers on the 
substrate surface [31] as mentioned before. Many researchers have published results of their 
experimental and numerical work on these issues [32-33]. However in many cases, film 
morphology is not good enough for replacing the LP-PECVD process and lack of reliable 
performance of a bubbler system is suspected to be responsible for that. The error in fine 
control for the reactive vapor flow leads to poor film morphology. In this study, a compact 
Venturi pump was suggested to provide much more reliable and easy control of vaporized 
liquid source without heating or pressure regulation.    
In order to obtain desirable inorganic SiOx film, it is already well studied that more 
oxygen atoms will provide a more inorganic characteristics on the SiOx film and lead to 
better performance as a barrier [34]. In this work a constant flow rate of oxygen and helium 
was kept as it was optimized from the preliminary studies considering plasma stability. Due 
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to the quenching effect of oxygen, the plasma density is decreased and the discharge area is 
constricted to a limited region at certain limit of O2 flow rate.  
This work aims at developing a more practical and robust discharge scheme and 
configuration for APCVD to meet those high expectations of actual manufacturing industry. 
The effect of ion bombardment in film deposition process was mainly investigated with two 
different kinds of electrode configurations.   
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CHAPTER 2: EXPERIMENTAL SET-UP 
2.1 Dielectric Barrier Discharge APCVD setup 
Fig 2.1 a) shows our experimental setup, it consisted of a DBD cylindrical torch and a 
gas supplying unit which includes Venturi pump and a needle valve to control the flow rate 
of HMDSO. In a conventional CVD system, a well-equipped bubbler unit would usually 
play an important role for stabilizing the whole deposition process. In this work, a compact 
Venturi pump (Dimensions : 50 mm × 15 mm × 30 mm, max. Vacuum : 0.9 atm) was used 
without any heating module to supply HMDSO vapor. The working principle for the Venturi 
pump is that when the high pressure process gas passes through the orifice inside of the pump, 
a negative pressure is generated at the vertical port. HMDSO liquid source is introduced to the 
vacuum port in vertical direction. When the processing gas passes through the Venturi pump, 
HMDSO vapor would be automatically carried into discharge area through the metal tube 
which is connected to high voltage input. The flow rate of HMDSO vapor was controlled with 
a needle valve.  In order to compare the performances of two different cylindrical DBD torch 
configuration the dimensions of the high voltage electrode and quartz tube were kept 
constant.    
 
 
Fig. 2.1 (a) Schematics of dielectric barrier discharge plasma CVD system, different 
electrode configuration for (b) direct type plasma and (c) remote plasma. 
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Process parameters for SiOx deposition process 
o Adapted Venturi pump for consistent supply of HMDSO : At room temperature 
o Gas mixture: He (15 lpm) + N2 (1 lpm) + O2 (0.1 lpm) 
o Power: 8 ~10kV, 30kHz 
Dimensions of DBD cylindrical torch 
o High voltage electrode (Stainless Steel tube) : out 6.4 mm 
o Dielectric layer : quartz tube out 15.0 mm, in 11.0mm) 
o Distance from high voltage electrode to substrate : 40mm 
 
The distance between the high voltage and the substrate was kept constant for both cases. 
Fig. 2.1(b) shows the direct type configuration where the Si substrate itself is the only 
dielectric layer between the high voltage electrode and ground electrode. The remote type 
plasma system is composed of a high voltage electrode, quartz tube as a dielectric barrier and 
a concentric ground electrode as shown in Fig. 2.1(c). Stable and uniform plasma was 
generated by applying high voltage ranging between 6 ~ 10 kV with a fixed frequency of 30 
kHz on the high voltage electrode. 
Figure 2.2 shows the discharge images for the two different configurations. Except for 
the narrow region close to high voltage (HV) and ground (GND) electrode, the direct plasma 
(configuration (A)) shows a uniformly distributed plasma emission. In the case of remote 
plasma (configuration (B)), as expected, the plasma discharge is mostly concentrated in 
between the end of high voltage electrode and the ground electrode. Depending on the helium 
content, the diffusive remote plasma region could be expanded.   
 
Fig. 2.2  The plasma discharge for Atmospheric pressure dielectric barrier discharge 
using He/N2/O2 mixture. The module (A) is a direct type and (B) is a remote type. 
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Prior to the deposition process with HMDSO source, the substrate was pretreated with 
He/N2/O2 =15 lpm/1 lpm/0.1 lpm at 10 kV to improve adhesion. A liquid flow rate of 0.05 
ml/min HMDSO was then introduced to the discharge area during the deposition process and 
the processing gas condition was kept identical as in the pretreatment step. In order to 
compensate for the inevitable inhomogeneous characteristics of filamentary DBD, the 
substrate was moved with the speed of 1 mm/sec and a uniform, dense SiOx layer was 
deposited.
 
The standard technique by using remote plasma configuration forms porous, poorly 
attached films even with 10 times higher power density.  To achieve better adhesion and 
desirable surface morphology ion bombardment is appeared to be the most important 
parameter in APCVD process. The different morphology and chemical composition will be 
addressed and discussed in chapter4.  
 
2.2 Diagnostic Apparatus 
2.2.1 V-I Characteristics 
 
The DBD system is often simulated as a combined capacitor because of its capacitive 
power coupling scheme. From the measured voltage and current characteristics, important 
information can be obtained including capacitance and power density of the plasma. The 
electron density can be estimated using the equation below [36].
 
         𝐽𝑐𝑜𝑛𝑑
𝑒  =  - 𝑛𝑒e𝜇𝑒E                                        (2.1) 
Where J
e
cond is the electron conduction current, e is the electron mobility and E is the 
electric field in the discharge region. From the V-Q Lissajous plot, static and active 
capacitance can be calculated. Combining with Q, which is stored in discharge volume, the 
actual electric field strength in plasma region can be separated out.  By substituting the 
measured current value of J
e
cond (Q /T*A, T period, A discharge area) and the electron 
mobility value, the electron density can be calculated. The voltage and current 
characteristics of commercialized DBD system and CPMI cylindrical torch were measured 
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using a 1000:1 high voltage probe and a current monitor. After integrating the current value 
for each unit time scale, V-Q Lissajous plot was obtained. From the linear regression two 
different intrinsic capacitance values were calculated and the stored net charge in plasma 
area was also evaluated.  
With the increasing voltage, those unique active capacitance and discharge power were 
determined in proportion to the applied voltage. Considering the effect of the electric field 
on the electron mobility, the electron density can be estimated by solving equation (1).  For 
the cylindrical torch the V-Q Lissajous plot was difficult to analyze because of the 
contribution from the micro-streamer and the surface discharge. However, by following the 
same procedure, the electron density has been estimated and compared with the result from 
the commercial parallel plate type DBD system.  
 
2.2.2 Optical Emission Spectroscopy 
Among the plasma diagnosis tools, especially for the atmospheric pressure plasma 
source, Optical Emission Spectrometry (OES), which is the spectral analysis of the light 
emanating from plasma, is probably the most widely used diagnostics of plasma processes. 
It is the least perturbing in-situ plasma diagnostic method. The experimental setup is quite 
simple. By measuring the wavelengths and intensities of the emitted spectral lines, we can 
identify the neutral particles and ions present in the plasma. The spectral fingerprint of 
optical plasma emission provides information about the chemical and physical processes that 
occur in the plasma. It provides spatial and temporal resolution also with high reliability 
[37].  
In this study, OES system SpectraPro 275 (Acton Research) was used for the 
identification of active species within the plasma volume. It was also used to obtain plasma 
parameters. The OES system consists of a monochromator (Acton Research Corporation, 
Model SpectraPro® 275, USA) which has a focal length of 275mm, grating controller and 
CCD detector (Mightex Systems, Model SSE-1304-U, Canada) with 3600 linear pixels as 
shown in Fig. 2.3(a).  
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 Fig. 2.3 (a) OES system with control PC (b) configuration of monochromator 
 
           Table 2.1     Major Specifications of OES (SpectraPro275) 
 
Parameter Specification 
CCD Toshiba TCD1304DG 
Number of Pixels 3648 
Pixel Size 8x200 micron 
Spectral range SSE-1304-U:     350nm ~ 1000nm 
SSE-1304-UW:  200nm~ 1000nm  
Pixel Output Clock 0.5 MHz 
Data Storage on board 4 Frames 
ADC resolution 16 bits 
Exposure Time Range 0.1ms – 6,500ms 
Frame Rate 138 scans/second 
Table 2.2 Specifications of CCD detector of SpectraPro275 
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The diffraction grating is the most important element of the monochromator as it 
discriminates each different wavelength components. In Fig. 2.3(b), the actual expected beam 
path inside the monochromator is shown and it is helpful in understanding how it works.  
As shown in Table 2.1, two different gratings are installed on the grating turret inside the 
monochromator which is swept by no heat generating motor with a microprocessor control.  
     
   Fig.2.4 Experimental setup for optical emission spectrum measurement 
 
In general, the slit width and exposure time would be important parameters in optical 
measurement using OES. The minimum controllable slit width is 10m, but according to the 
intensity of the incident light source it can be adjusted and in this work, a slit width of 100m 
was used. With large slit width, it is expected to have a bigger instrumental broadening and 
lower spectral resolution in the optical spectrum data as a result. 
Figure 2.2 shows the experimental setup for optical diagnosis of DBD system that was 
donated by PSM, Inc. and for our own cylindrical DBD torch the same configuration has 
been used except for the electrode part. In order to have improved uniformity of gas 
distribution, the commercial DBD system has a huge volume and there are many parts inside 
the electrode chamber so there could be lots of vapor losses from the surface adsorption. Even 
though it wasn’t used for the deposition experiments, some of electrical and optical 
diagnostics have been tried as a reference for the cylindrical torch since it’s a very typical 
commercial DBD source which has a simple parallel plate type structure that can give clear 
analysis result.
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CHAPTER 3: THEORY & DIAGNOSTICS 
3.1 Electrical Model of Dielectric Barrier Discharge 
 DBD is often outlined based on its characteristic electrode configuration with dielectric 
barrier layer between two counter electrodes. However, the discharge characteristics have 
wide variety of regimes from filamentary to diffusive glow and even arc. In order to specify 
their unique plasma condition, voltage and current diagnostics are important. In Fig. 3.1 (a) 
and (b), the apparent difference is shown between filamentary and glow discharge current 
waveform. 
 
Fig. 3.1 (a) Measurement of the voltage U(t) and current I(t) shape of the filamentary 
DBD discharge in air. (b) diffusive barrier discharges in nitrogen [43] 
 
In the case of a DBD system that operates in the filamentary mode, if the local electric 
field strength is over the breakdown level, then the plasma is ignited at many points followed 
by the development of filaments, so called microdischarge [39-40]. The microdischarge has 
typically nanosecond lifetime, uniformly generated on the dielectric surface.  
On the contrary, diffusive glow discharge which is believed to be more suitable for 
uniform surface treatment can be sustained at special operation condition. Effective 
pre-ionization is known to be an important factor. In comparison to filamentary discharge, 
high occurrence of Penning ionization by metastable species and primary ionization at low 
electric field have been reported by many research groups [29, 41-42]. 
In order to characterize the overall discharge behavior, the simple equivalent circuit 
model is proposed. Two representative examples are shown in Fig. 3.2. In one-sided DBD 
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Fig. 3.2 (a) Typical DBD electrode configuration and the equivalent circuit 
(b) Alternative fixed frequency source model for DBD plasma 
 
configuration, there is gas gap (g) and dielectric layer (d) before plasma is ignited. The 
capacitance of dielectric is Cd and gap capacitance is named Cg. Ug and Ud in Fig. 3.2(a) 
denote the gap voltage and discharge voltage. Total capacitance C is given by 
 
                                  (3.1)     
 
Fig. 3.2(b) suggests a more practical model for microdischarge which is represented by a 
fixed frequency function. In the diagnosis results, this model will be discussed in detail in the 
diagnosis and result section. Due to the consideration for the transient properties of 
microdischarge, this model gives more accurate and refined modeling result [43]. 
Considering the practical relative permittivity value of the dielectric material r = 3-10 
and g~d, the total capacitance C is mostly governed by Cg. After the breakdown, total 
capacitance reaches to the capacitance of dielectric (Cd) value. The discharge voltage depends 
on pressure, gas composition and the gap distance. However, in many cases, a stray 
capacitance influences the values of C and Cd. The analytic calculation results often have 
some differences in the actual capacitance of plasma discharge unit. 
In order to analyze important electrical parameters such as actual power coupled to the 
plasma system and the effective capacitance of the DBD during the active discharge period, 
V-Q Lissajous plot is suggested by Manley and it has become a standard for the electrical 
diagnostics of DBD system [44].            
V-Q Lissajous plot is a graph that shows the relation between the integrated charge and 
applied voltage and ideally it appears to be a parallelogram as shown in Fig. 3.3 (a) and (b). 
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Two different slopes dQ/dV of the V-Q Lissajous plot indicate the effective capacitance 
before (C0) and after plasma ignition (Cp) and these are often approximated as C0~Cg and Cp 
~Cd [45]. 
 
Fig. 3.3 Ideal Q-V cyclograms of DBD with typical operating parameters (a) volume 
discharge, Wagner [43] (b) surface discharge, Moller[51] 
 
In the V-Q Lissajous plot, the minimum applied voltage Umin is the voltage at which the 
breakdown occurs. The power consumption per one period Eel and the electric power Pel can 
be estimated from the equations (3.2) below [39].   
 𝑒  ∮ ( )    ∮ ( )     𝑑
 
(       )
      (        𝑛) 
    (     𝑜       𝑜)          (   )                            (3.2)      
 𝑒  
 
 
 𝑒  = f  𝑒         (where, f is the frequency of the applied power source) 
The discharge voltage UD can be obtained by the equation below. 
         
 
(       )
                                                 (3.3) 
For the electron density measurement, the electron mobility e is an important parameter 
and e is a function of the reduced electric field strength E/p. 
<E/p> =    / (  )                                                   (3.4) 
By using the calculated reduced electric field strength E/p as an input parameter in 
BOLSIC code [47] which is a Boltzmann equation solver the electron mobility e can be 
estimated.  It can be plugged in equation (2.1) and with the calculated current density Je and 
electric field strength E across the discharge gap, the electron density can be obtained. 
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3.2 Electrical Diagnostics Result 
3.2.1 Electrical Measurements of Parallel-Plate type DBD  
V-I characteristics curves were obtained as shown in Fig. 3.4. By integrating current 
signal, V-Q Lissajous plot was obtained as shown in Fig. 3.5. The current response of 
parallel-plate type DBD shown in Fig. 3.4 is close to typical diffusive glow discharge as 
shown in Fig. 3.1 (b). The gap distance is small in the order of 0.5mm. 100% N2 gas was 
supplied and the edge effect is considered to be minimized in electrode design. As a result the 
current waveform doesn’t seem to have an apparent microdischarge component.  
From the V-Q Lissajous plot, we can estimate the net charge. The net charge (Q, in Fig. 
3.5) means the amount of charge that is dissipated by plasma discharge only. From the total 
value of accumulated charge, the contribution from the dielectric material needs to be 
subtracted. In Fig. 3.5 (a), Qd is one portion of the charge contributed by the displacement 
current and determined from the extended line from the slope of Co which is an intrinsic 
capacitance before plasma ignition.  The current density JA can be calculated from the net 
charge Q dividing by discharge area A and time period (33s). In order to obtain the electron 
density, the calculated JA is to be substituted in the equation (2.1). In this case, the discharge 
area A of the parallel-plate type DBD was 550mm x 40mm based on the dimensions of the 
high voltage electrode. One specific example of the calculation of electron density is shown in 
Appendix.  
 
Fig 3.4 Voltage and current waveforms of commercial DBD electrode 
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Fig 3.5 V-Q Lissajous plot for the different voltage values 
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Fig 3.5 (cont.) 
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In Fig. 3.5 (a) ~ (f), the characteristic Q-V plot according to increased applied voltage 
shows a typical behavior of volume discharge as in H.-E. Wagner et al. [38].  From the V-Q 
Lissajous plot, the capacitance and the power density of the DBD plasma were evaluated as 
shown in Fig. 3.6 and 3.7. The capacitance is increased by 17.6% from 822pF to 967pF while 
the power density is increased from 4.3 W/cm
2
 to 12.2 W/cm
2
 as the applied voltage is 
ramped up from 8 to 12kV. The electron density of the DBD increased from 2.5 to 5.0x10
8 
/cm
3
 as shown in Table 3.1. In this case, the electron mobility was calculated by using free 
software BOLSIG+ [47]. In Appendix B, more details are given.  
 
   Fig 3.6 Capacitance vs. applied voltage 
 
    Fig 3.7 Energy density of the plasma discharge  
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     Fig 3.8 Estimated electron density vs. applied voltage 
 
Applied Voltage 
V [kV] 
Net Charge 
Q [C] 
Discharge voltage 
UD[kV] 
Electron 
Mobility 
e [cm
2
/V/s] 
*BOLSIG 
Electron 
Density 
ne [/cm
3
] 
8 4.69 x10
-6
 2.07 3.88 x 10
2
 2.5 x 10
8
 
9 5.60 x10
-6
 2.14 3.86 x 10
2
 2.9 x 10
8
 
10 6.70 x10
-6
 2.29 3.80 x 10
2
 3.3 x 10
8
 
11 8.95 x10
-6
 2.31 3.79 x 10
2
 4.4 x 10
8
 
12 1.08 x10
-5
 2.45 3.78 x 10
2
 5.0 x 10
8
 
Table 3.1 Calculated mobility and electron density result with input parameters of 
BOLSIC+
 
program – Parallel-plate type DBD 
  
 
3.2.2 Electrical Measurements of Cylindrical type DBD Torch 
For the SiOx deposition process, two different types of cylindrical DBD torch were 
used as discussed in Chapter 2.1. As in the parallel-plate type DBD electrode, the V-I curves 
were measured first. The voltage and gas recipe were kept constant for the actual CVD 
process except for HMDSO source. As shown in Fig. 3.9, for the same applied voltage, 
roughly 10 times higher current and power appeared in remote configuration. At the same 
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time, higher electron density can be expected within the main plasma volume between the 
high voltage and ground electrode. But it resulted in poor film quality as it contains a lot of –
CH components. It is further discussed in chapter 4.  
Unlike the parallel-plate type, the size of the electrode and the actual discharge area are 
not the same in the cylindrical torch. Moreover from the current waveform, the contribution 
of the microdischarge is noticeable especially in the direct type. The spatial gradient and 
temporal instability could distort the V-Q Lissajous plot. In Fig. 3.10 (a), the V-Q Lissajous 
plot of direct plasma is not in a good symmetry. 
 
           
 
              
Fig. 3.9 V-I characteristic curves of two different electrode configuration  
; (a) Direct plasma and (b) remote plasma 
 
 
(a) 8 mA, 5 mW 
(b) 70 mA, 62 mW 
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  Fig. 3.10 V-Q Lissajous plot for a) direct (top) and b) remote (bottom) configuration 
 
Following the same procedure in chapter 3.2, UD was calculated and E/p was plugged 
in to the input file of the BOLSIG+ program. The electron mobility and density value were 
evaluated and it is summarized in table 3.2. To reduce the complexity of BOLSIC+ 
simulation, we assumed 100% He discharge although N2 and O2 were also added. In 
comparison to the commercial parallel plate type DBD system, the cylindrical torch which 
was used for CVD application had approximately 2-14 times higher electron density at the 
same applied voltage. Fig.3.11 gives better understanding about huge differences between 
the two cylindrical torches illustratively.  
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   Fig. 3.11 Comparison of V-Q Lissajous plot for direct and remote configuration 
 
Electrode 
Configuration 
Net Charge 
Q [C] 
Discharge voltage 
UD[kV] 
Electron 
Mobility 
e [cm
2
/V/s] 
*BOLSIG 
Electron 
Density 
ne [/cm
3
] 
Direct type 1.8x10
-8
 6.5 8.64x10
2
 5.8x10
8
 
Remote type 1.1x10
-7
  5.0 8.86 x10
2
 4.7x10
9
 
Table 3.2 Calculated mobility and electron density result with input parameters of 
BOLSIC+
 
program – Cylindrical torch for APCVD 
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3.3 Optical Emission Spectroscopy (OES) Diagnostics 
3.3.1 Optical Emission Spectroscopy (OES) Theory  
 In order to characterize atmospheric pressure DBD plasmas, optical spectroscopic 
diagnosis is often performed by assuming Local Thermodynamic Equilibrium (LTE) or 
partial Local Saha Equilibrium (pLSE) in the plasma. However, this assumption of LTE or 
pLSE is invalid when processes such as radiation escape or diffusion of particles become 
important, or when collisional energy transfer between electrons and heavy-particles is 
inefficient [48].  
In this work, electrical response results were combined with open source SPECAIR 
(v2.2) program for calculating plasma parameters such as electron temperature, vibrational 
and rotational temperature [49]. SPECAIR is based on the Collisional-Radiative (CR) models, 
the number density nk of each excited level of species k present in the plasma obeys a 
conservation equation (zero-order moment of the Boltzmann equation) in which the different 
processes leading to departures from LTE are explicitly considered. These equations may be 
written in the general form as 
          
𝜕𝑛𝑘
𝜕𝑡
 + ∇(𝑛𝑘 < 𝑣𝑘 >) = 
𝜕𝑛𝑘
𝜕𝑡 
│C.R.                                 (3.5) 
where the first term represents the temporal variation of the number density nk, ∇(𝑛𝑘 <
𝑣𝑘 >) is the diffusion flux of k species with mean diffusion velocity <vk>, and 
𝜕𝑛𝑘
𝜕𝑡 
│C.R.  is 
the variation in density due to collisional and radiative processes. For N2 discharges, the 
equation (3.5) can be stretched out as described in J. H. Kim et al [36] .  
The first continuity equation for the distribution of electronic states in molecular 
nitrogen is given by  
                                                                           
       (3.6)            
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nN2(i) is the number density of i
th
 particular electronic state of N2 molecule, w is the mean 
velocity, k
e
 i->j is the rate coefficient for electronic transitions from state i to j by electron 
collisions, k
N2 i->j, k
N2 i->j is the rate coefficient for quenching and excitation processes by 
molecular collisions, Ai->j is the spontaneous emission rate coefficient. The second continuity 
equation is obtained for the distribution of vibrational states in the ground state X 
1g
+
 of 
molecular nitrogen since most nitrogen molecules are in the ground state. 
(3.7) 
Not only to measure the electron temperature, but also to know the gas temperature 
accurately, it is very important to characterize specific plasma discharges. However, in many 
cases of the atmospheric pressure plasma application, the conventional thermometer is not 
available for immersing in the actual plasma volume. Among the various techniques, a 
method which utilizes a measured molecular spectrum such as OH, N2 and O2  by comparing 
synthetic spectrum has been widely studied by many researchers [50-54]. In this work, 
SPECAIR was mainly used for calculations of characteristic temperatures of different DBD 
systems.  However, the synthetic spectrum method is briefly discussed as a comparison.  
The theoretical diatomic molecular spectrum intensity is given by the Eq. (3.8) [55], 
           𝐼  𝐷𝑜𝑆𝑘
4exp(- 
𝑬𝒓
 𝒌𝑩𝑻𝒓𝒐𝒕
)                                         (3.8) 
where k is the wavenumber, S is the oscillator strength, kB is the Boltzmann constant, D0 is a 
coefficient containing the rotational partition function, and Er is the rotational energy level. 
D0 and Er  corresponds to (3.9) and (3.10) respectively  
          𝐷0= 
 (𝐽′  𝐽"  )
𝑄𝑟
                                                 (3.9) 
                        𝑟= 𝐵𝜈ℎ𝑐𝐽
′(𝐽′ + 1)                                            (3.10) 
C is a constant depending on the change of dipole moment and total number of molecules in 
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the initial vibrational state, Q is the rotational partition function,  J’ and J” indicates the 
total angular momentum quantum number for the upper and lower state, respectively, and B 
is a rotational constant in the state of the vibrational quantum number . All the constants for 
the different energy levels and transitions of each molecular spectrum can be referenced by 
Herzberg [56]. 
 
3.3.2 Optical Emission Spectroscopy (OES) Results 
3.3.2.1 Optical Diagnosis for Parallel plate type DBD system 
For the calculation of vibrational and rotational temperature, the spectral range of 
370-382nm in the N2 spectrum (= -2, N2 Second Positive System C
3u -> B
3g) was 
selected and measured according to the increase in applied voltage as shown in Fig. 3. 12.  
The measured spectrum data in Fig. 3.12 shows a plausible trend according to the 
increase in voltage and delivered power. By using SPECAIR, which is a modeling program 
for plasma spectra based on CR (Collisional Radiative) model, vibrational temperature Tvib 
and rotational temperature Trot were obtained by fitting the measured spectrum with the 
simulated spectrum as shown in Fig. 3. 13.  
 
     Fig. 3.12 N2 molecular spectrum : second positive system C
3u -> B
3g 
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Fig. 3. 13 Fitting result from SPECAIR and normalized measured spectrum 
 
In Fig. 3.14, those estimated Tvib and Trot values appeared to be in the range of 
1800-2200K and 300-450K for each characteristic temperature. From the diagnosis results 
of typical atmospheric pressure microwave plasma [9], it can be claimed that DBD plasma is 
more like non-equilibrium plasma source which has a moderate gas temperature. Hence, 
DBD is desirable for thermally weak material processing such as thin polymer film.  
 
 
Fig. 3. 14 Calculated Tvib and Trot as a function of applied voltage 
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3.3.2.2 The Optical Diagnosis on Cylindrical Torch 
In the case of cylindrical torch, the OES was initially attempted in order to observe and 
identify the active species during CVD process by using HMDSO liquid source as shown in 
Fig. 3.15. Unlike in A. Granier et al. [16] which was done using vacuum plasma, molecular 
nitrogen spectrum was dominated and any specific emission lines from Si-, SiO-, SiH- were 
not able to be identified in the measurement results by using OES as shown in Fig. 3.16.   
   
 
 
 
 
 
 
Fig. 3. 15 Emission spectrum from CVD process in vacuum condition [16] 
         : 2mTorr, 13.56MHz 300W 100% HMDSO plasma 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.16 Optical emission spectrum measurement results for direct and remote plasma 
GND 
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 But it confirms that the direct plasma has apparently stronger emission intensity near 
the substrate area which means stronger surface reaction by higher number density of 
energetic ionic species.  
The captured CCD camera image was converted to one dimensional spatial profile of 
the light emission intensity as in Fig. 3. 17. The population density of excited species which 
are light emanating, seems to be strongly enhanced between the high voltage and the ground 
electrode and it exponentially decays beyond the ground electrode. The ground electrode 
was made out of copper so it blocked the emission of light near the torch exit.  
Along the rough surface of the quartz tube edge there could be some light scattering, so 
it needs to be considered. On the contrary, in direct plasma configuration, on both electrode 
surfaces the intense sheath formation can be observed. Also in between the electrodes, 
relatively low density plasma has been generated. It follows typical axial distribution of 
streamer discharge as described in A. Komuro et al. [57-58]  
 
 
 
 
 
  
Fig. 3. 17 1-D spatial profile of light emission intensity from  
a) direct and b) remote plasma configuration 
 
A. Direct type  B. Remote type  
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Fig. 3.18 Axial distributions of atomic oxygen density and luminous intensity of 
streamer discharge in O2 (20%)/N2 mixture at atmospheric pressure and room 
temperature for V = 30, 26 and 22 kV. The distance from the point anode in the 
direction of the plane cathode is defined as z. [57-58]. 
 
In general, the streamer is generated in two phases [59-61]. When a high voltage is 
applied to anode, a luminous streamer head develops from the anode to the cathode. Within 
tens of nanoseconds, the streamer head arrives at the cathode and an ionized ﬁlament 
channel connects the anode and the cathode. This first stage of the streamer generation is 
called a ‘primary streamer’ [60]. After the primary streamer hits the cathode, a subsequent 
streamer develops from the anode toward the cathode up to the halfway between the two 
counter electrodes [62]. That is called a ‘secondary streamer’ [60]. The primary streamer 
typically has about 5–10 times higher electron energy than the secondary streamer [60, 63]. 
It is well known that the second positive band of N2 is observed in both streamers, while the 
ﬁrst negative band of N2
+
 is observed only in the primary streamer [63]. It’s because the ﬁrst 
negative band requires higher energy electrons than the second positive band [60]. On the 
contrary as shown in Fig. 3.18, O atomic radicals are generated mainly by the secondary 
streamer. Due to the contribution from the secondary streamer, the total luminous intensity 
and the population density of active O radical are higher in anode side. In our direct type 
electrode configuration, by using AC power source, the population density of excited active 
species is expected to be high enough on both electrode sides.  
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3.4 Theory of the Formation of SiOx  
 In chemical aspect of the APCVD process for SiOx thin film deposition, we’ll mostly 
refer Hubert Rauscher’s book “Plasma Technology for Hyperfunctional Surfaces” 
(Wiley-VCH , 2010) [64] as below.  
As in other polymerization process, the reaction channels can be divided by two 
different mechanisms as ionic and the radical reaction mechanism. In case of ionic 
polymerization in plasma polymerization by using HMDSO, the following mechanism can be 
considered (3.11). 
           (3.11) 
These equations are proposed highly probable fragmentation steps, which generates of three 
different ionic species. Among these ions, one of the possibilities of ionic polymerization is 
                      (3.12) 
Through the further reaction with HMDSO molecule (O[Si(CH3)3]2),  Si-O-Si bond can be 
established after removal of methyl group(-CH3). With this chemical reaction, Si(CH3)4 
becomes eliminated from HMDSO source. 
Rather than the energetic electron induced channel, in many cases, the carrier gas atoms 
can excite and dissociate the monomer source. Equations (3.13) show how the collision with 
He atom can lead the fragmentation of HMDSO molecule. 
        (3.13) 
Since the dissociation of Si-C needs only half of the energy of Si-O debonding, the 
production of the CH3 and Si2O(CH3)3 would be induced dominantly [65]. Based on the study 
of intermediate precursor, it is presented that “the deposition of SiOx is not due to the 
deposition of species such as SiO radicals but proceeds mainly by removing the carbon from 
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previously deposited SixOyCzHt radicals” [64-65]. As we understand about cleaning 
mechanism, the carbon-containing species are first deposited and then carbon is removed by 
oxygen etching, producing CO2 in parallel. 
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CHAPTER 4: RESULTS AND DISCUSSION  
4.1 SiOx Deposition on Si Wafer 
 
4.1.1 Surface Morphology of Deposited SiOx Thin Film 
As described in chapter 3, for both direct and remote plasma configuration, the same 
process recipe has been used. With He/N2/O2 =15lpm/1lpm/0.1lpm at 10kV, substrate was 
pretreated and HMDSO of flow rate of 0.05 ml/min was added during the deposition process.  
SEM images in Fig. 4.1 shows the surface morphology of the SiOx film for two 
different configurations as we discussed in chapter 2. The film deposited by configuration (A) 
appeared to be very dense and smooth.  If there isn’t any intentionally made scratch, it is 
very hard to observe any microstructure from the surface. The cross sectional view shown in 
Fig. 4.1 (c) confirmed the rigid structure of the film on the top of the Si substrate. In contrast 
the thin film deposited by remote plasma as shown in Fig. 4.1 (b) and (d) has much rougher 
surface morphology with characteristic granular structures. Moreover, there were a lot of 
variations in the thickness of the deposited films. With exactly the same deposition time and 
process recipe, the dense, thinner (<0.3 m) film was prepared by direct plasma and the 
coarse, thicker film (~1 m) was made using remote plasma. We expect much less packing 
density from remote plasma case. It corresponds to 75nm/min and 247.5nm/min of 
deposition rate for each configuration.  
Typically, the density and hardness of SiOx film would have strong correlation with the 
chemical composition. Rough film would be more organic with a lot of C and H components 
and an increase of the organic content results in an increase in the deposition rate [66]. For 
comparison, the actual photographs of SiOx deposited wafer were inserted as a small inset 
on the left corner of the cross sectional SEM image (c) and (d) as shown in Fig. 4.1. Direct 
plasma has relatively small deposition area but a clear boundary because of the directionality 
of electric field. In the remote plasma case, SiOx film covered almost the whole area of the 
Si wafer substrate (diameter 50.6mm, thickness 300m) with some gradient. It shows a stark 
difference in characteristics of the two configurations.  
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Fig 4.1 SEM images of the SiOx layer on Si wafer substrate : (a),(c) for the sample of 
direct plasma case, (b),(d) for the remote plasma case. Inset shows the picture of 
SiOx coated Si substrate for each case. 
 
 
 
 
 
 
 Fig. 4.2 The deposited SiOx film on the Si substrate with high flow rate of HMDSO 
 
 
 
 
 
   Fig. 4.3 SiOx film on the Si substrate with dipping and drying process of HMDSO 
(a) (b) 
(c) (d) 
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The dependence of the flow rate of HMDSO was also studied. When the flow rate was 
increased up to 2 ml/min (10 times larger than standard recipe) we obtained very thin 
polymeric film which can be easily damaged.  It had poor adhesion with bubble shaped 
defects as shown in Fig 4.2. In the absence of plasma, if the Si substrate is dipped in to 
HMDSO source and dried, a similar deformed thin film is obtained with bad adhesion 
property as shown in Fig.4.3. If the flow rate of HMDSO source is too high then it would be 
very hard to dissociate properly and it gives us similar results as in dipping process. As seen 
in Fig 4.4, there is a limited range to the optimum flow rate of HMDSO for the rigid SiOx 
film formation at a given power density. In the range of 0.05 ~ 2 ml/min those deposited 
films were all dense and in good quality.  
 
 
 
 
 
 
(a) 0.1 ml/min                 (b) 0.16 ml/min              (c) 0.22ml/min       
Fig. 4.4 Dense and rigid SiOx film deposition with flow rate control of HMDSO 
Not only the flow rate of HMDSO but the electric field strength is also a critical factor 
for APCVD process. Several mm change in the gap distance between the work piece and the 
high voltage electrode can cause electrical damage on the film surface as shown in Fig. 4.5. 
So all process parameters such as applied voltage, gap distance and gas composition need to 
be carefully chosen and regulated.  A translational motion of the sample is a very practical 
way to avoid surface damage. 
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Fig 4.5 Surface damage on deposited SiOx film by higher electric field 
4.1.2 Chemical Composition of Deposited SiOx Thin Film 
The chemical composition results are summarized in Table 4.1. Considering the level of 
carbon content of the bare silicon wafer was ~10 at. %, the film made by direct plasma was 
highly inorganic. On the contrary, in the case of remote plasma, the majority of the film was 
carbon with less than 10 at. % Si. 
 Fig 4.6 shows XPS spectrum of the deposited SiOx films using those two different 
types of plasma. These individual scan results showed unique characteristics of those SiOx 
layers prepared by plasma discharges of different configurations. The differences in the 
binding state of Si2p, O1s and C1s are obvious. Each XPS peak was deconvoluted and 
analyzed. The analysis results on Si2p are summarized in table 4.2. The film deposited by 
using remote plasma was identified as mostly SiOx which has binding energy of 103.9eV.  
For the direct plasma case, the Si2p signal is deconvoluted into two peaks which are 
centered at 103.0eV and 102.8eV. The 103.0eV (67.0%) peak is from SiO2 bonding and the 
smaller portion of 102.8eV (33.0%) is from SiOx. Silicon dioxide (SiO2) is known to have its 
binding energy peak at 103.3eV especially for a thermally grown perfect crystal. If Si has an 
increased number of bonding with methyl group, which has lower electronegativity than 
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oxygen, in that case, XPS signal could be downshifted [19-20].  
           
          
            
Fig. 4.6 XPS data of Si2p, O1s and C1s for SiOx film deposited using  
direct and remote plasma. 
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  Si [at.%] O [at.%] C [at.%] 
Configuration A :  Direct plasma 39.0 50.6 10.4 
Configuration B  : Remote plasma 6.3 33.4 60.3 
Uncoated Si substrate 62.5 26.6 10.9 
Table 4.1 Comparison result on chemical composition of deposited SiOx layer of 
configuration (A) and (B) with untreated Si wafer sample 
 
Si2p Configuration A 
: Direct plasma 
Configuration B 
: Remote plasma 
Control Si sample 
: Uncoated 
B.E.[eV] 103.0 102.8 103.9 97.4 96.8 100.9 
at.% 67.0 33.0 100 36.8 44.4 18.7 
I.D. SiO2 SiOx SiOx Si - SiC 
     Table 4.2 Quantitative analysis results on Si2p signal of XPS measurements 
 
The reason for that downshift of the Si2p peak in this work could be due to unwanted 
bonding with other -CH group. The increase in oxygen or decrease in HMDSO flow rate can 
be considered as an important factor for the improvement of the chemical composition. At 
the same time, the impact of oxygen against the stability of high pressure discharge should 
also be considered.  Higher oxygen content would require higher breakdown voltage and 
this would lead to less spatial uniformity in the plasma discharge. For the remote plasma, 
there are certain limitations in the amount of oxygen flow. Because of the intrinsic 
quenching effect of oxygen, as the oxygen molecules move away from the ground electrode, 
they recombine with electrons quickly and therefore cannot reach the substrate to be treated. 
By using FTIR (Nicolet Nexus 670) spectroscopy, the differences in chemical properties 
of the deposited films were confirmed again. Fig. 4.7 is the FTIR spectrum of deposited SiOx 
layers by direct and remote plasma. Fig. 4.7 shows much more inorganic characteristics from 
direct plasma deposition and the remote plasma shows only limited ratio of absorption signal 
of SiOx. Among the Si-O stretches, in the Si-O-Si peaks centered at 816 cm
-1
, 1036 cm
-1
 and 
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1230 cm
-1
, and Si-O-C(or Si-CH2-Si) at 1116 cm
-1
 , there are distinct differences between the 
two cases. If there is not enough oxygen supplied to the substrate during deposition, then 
Si-OH group cannot be detected and the oxidation process cannot happen [64-65]. Because 
the dissociation energy of the Si-O bond is two times higher than the Si-C bond, the 
deposition of SiOx proceeds mainly by removing the carbon from previously deposited 
SixOyCzHt radicals other than the Si-O radical as discussed in chapter 3[64-65].  Carbon 
removal by oxygen etching is critical in SiOx deposition process. Based on this fact, the 
substrate was treated 30 sec more to ensure enough oxidation reaction after the HMDSO 
valve was shut off.  
Considering the possibility of IR penetration in diffuse reflection mode of FTIR, peaks 
of CHx groups at 890cm
-1
, 1440nm
-1
, and 1650cm
-1
 could be due to the Si substrate itself. The 
FTIR spectra for the untreated Si wafer sample showed the same absorption bands. The 
thickness of SiOx layer was observed to be less than 300nm in SEM cross sectional imaging.  
 
 
Fig. 4.7 FTIR analysis result for SiOx layer by using direct (A) and remote (B) plasma  
 
The discussion in section 3.2.2 can be recalled in order to understand these significant 
differences in the film. The total current measured between the high voltage and ground 
electrodes of remote plasma configuration was about 10 times higher than that of the direct 
type plasma. The peak to peak discharge current was 70mA for the remote plasma and 8mA 
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for the direct plasma. The remote plasma consumed approximately 12 times more power than 
the direct plasma.  The energy dissipated for a discharge per cycle can be calculated from the 
V-Q Lissajous plot and it was estimated to be 5mW for the direct type and 62mW for the 
remote type. Higher power and current implies higher electron density in the remote plasma, 
and it should result in a more efficient fragmentation or dissociation of monomer liquid 
source of HMDSO. In spite of that, the higher power results in a limited amount of Si 
component in the deposited layer and relatively poor film morphology. Thus the surface 
reaction by ionic species should be considered as a dominant factor for the deposition process 
rather than the neutral species. In other words, although the direct plasma consumes 12 times 
lesser power than remote plasma, it could draw high energy ionic species from the bulk 
plasma so that it could have more Si content with the desirable physical structure. From the 
optical spectrum and intensity profile measurement results, the direct plasma appeared to have 
stronger emission intensity near the substrate area and stronger surface reaction by higher 
number density of energetic ionic species. It supports our prediction based on electrical 
diagnostic results that the role of accelerated ions is more crucial than the power density in 
chemical vapor deposition process in spite of highly collisional environment such as 
atmospheric pressure condition. 
 
4.2 SiOx Deposition on Polymer Substrate 
 
4.2.1 Surface Morphology of SiOx Thin Film on Polypropylene 
Using the same recipe, SiOx film formation on polymeric substrate such as PP 
(polypropylene) was attempted but the physical and chemical properties of the film turned 
out to be totally different. The surface morphology of the deposited film on PP substrate 
looked very uneven as shown in Fig 4.8(b). To begin with, the PP substrate is not smooth 
unlike polished Si wafer. This partially contributes for the uneven morphology. The change 
in the dielectric property of the material might lower the available charge storage and current 
density. Hence, it ends up with lower plasma density as discussed in chapter 3. The SiOx 
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film surface shown in Fig. 4.8 is similar to what can be obtained by using remote plasma 
configuration.  In this case the thickness of PP substrate was 0.8mm. 
As the distance of the gap between the high voltage and ground electrode was decreased 
from 40mm to 20mm, there was drastic change in the deposited film quality as shown in Fig. 
4.9.  
 
Fig. 4.8 (a) Bare PP substrate (b) SiOx film on PP substrate : d=40mm 
  
Fig. 4.9 SiOx film deposition on PP substrate : d=20mm 
 
In many film application, typically the thickness of the substrate is quite thin (O(10
1
) ~ 
O(10
2
) m) and it becomes easily damaged from electrical or thermal energy. APCVD 
process for thin film substrates should be modified significantly. Considering the weak 
dielectric strength, the applied voltage should be as low as possible. In the preliminary study, 
this thin PP film was damaged severely at the same voltage condition as with the thicker 
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film. Considering the weak intrinsic dielectric strength of PP (2kV/100m), a lower voltage 
Vp 6kVwas applied. Fig 4.10 shows the deposited SiOx film on the new thin PP substrate, 
which has a granular shape and a coarse structure. This poor surface morphology is a good 
indicator of low power density.  
In order to achieve a higher current and plasma density without surface damage, extra 
dielectric layer with a high dielectric constant such as silicon (r =11) was added. Before the 
breakdown, mostly the air gap will be the dominant factor that governs the total capacitance 
but after the initiating plasma discharge the total capacitance is close to the intrinsic 
capacitance of the dielectric layer. If the dielectric barrier has a higher dielectric constant 
then it gives a larger capacitance value. As a result, it leads to higher charge density and the 
film quality is expected to have significant improvement even at lower voltage condition. 
Based on this assumption, the applied voltage was adjusted to 8kV and Si wafer was 
added behind as an additional dielectric barrier. With this configuration, a dense and smooth 
SiOx film was obtained on the polypropylene surface as shown in Fig 4.11. The deposited 
SiOx film served as a protection layer by perfectly covering the intrinsic defects. Since the 
original SiOx film was dense and smooth it was hard to observe the microstructure. A 
scratch was intentionally made in order to see the interface. 
 
 
Fig. 4.10 Deposited SiOx layer on thin PP film : d=20mm, 6kV 
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Fig. 4.11 Deposited SiOx layer on thin PP film : d=25mm, Vapp=8kV 
 
In order to clarify our assumption, V-I characteristics were measured for  different 
cases : Case 1) Si wafer only as a barrier material,  Case 2) PP film only,  3) PP+Si wafer 
 
 
Fig. 4.12 With Si wafer as a dielectric barrier : at 10kV, Ip-p 8-9mA, d=40mm 
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Fig. 4.13 With PP film as a dielectric barrier : at 10kV, Ip-p 4mA, d=40mm 
 
          
Fig. 4.14 Increased current with Si insertion : at 8kV, Ip-p 6mA, d=25mm (Red) 
 
The decrease in the gas gap (d) from 40mm to 25mm could have contributed for the 
increase in the charge density, but at d=25mm, the thin PP film was unable to sustain the 
high electric field strength at an applied voltage of 10kV.  
 
 
 
 
55 
 
4.2.2 Chemical Composition of SiOx Thin Film on Polypropylene 
For the chemical analysis on SiOx film deposited on PP substrate, XPS was mostly used. 
Since FTIR has a high penetration depth it was hard to distinguish the contribution of the PP 
substrate itself although it was operated in the diffusive ‘reflection mode’. Typically in that 
operational mode, the absorption (actually reflection) signal from the sample is collected 
with the curved mirror on top of the sample holder. Therefore, the signal from the substrate 
is significant. Hence, it is not possible to discriminate the signal from the thin film surface.  
In table 4.3, the atomic composition of the deposited SiOx film is compared to the 
untreated PP substrate. Unlike Si wafer, the coated layer shows 35% carbon content but 
considering the reference value of 45% carbon and 23% Si from preliminary data, it can be 
considered a value for the chemical composition. 
 
  Si [at.%] O [at.%] C [at.%] 
Bare thin PP film  2.3 10.8 86.9 
SiOx coated thin PP film 30.6 34.4 35.0 
Table 4.3 XPS analysis result on chemical composition of deposited SiOx layer  
on thin film PP substrate  
 
 
Fig. 4. 15 The quantitative analysis result on Si2p signal of XPS measurement result 
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From the deconvolution results of Si2p peak, the shifted binding energy indicates that it is 
composed of SiOx and (–Si(CH3)2O-)n, which means a lot of methyl group still exist. For the 
current setup, as discussed earlier, due to the impact on plasma condition, the amount of 
oxygen is limited to 1/150 of helium. However the gap distance from the high voltage 
electrode to ground is still as large as 25mm so, if it can be decreased to several then the 
oxygen flow rate can be increased. For atomic composition calculations and deconvolution of 
the curve, CasaXPS Version 2.3.14 program was used.  For the identification of unknown 
binding energy, NIST X-ray Photoelectron Spectroscopy Database -NIST Standard Reference 
Database 20, Version 4.1 http://www.srdata.nist.gov/xps was used. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
5.1 Conclusions 
In this work, APCVD processes and systems using a DBD were investigated for the 
deposition of SiOx film at atmospheric pressure. Two different types of cylindrical DBD 
torches were developed and characterized in comparison to a parallel-plate type commercial 
DBD system. The high density of reactive species in atmospheric pressure plasma results in 
porous and inhomogeneous film on the substrate. In order to achieve a finer vapor control of 
HMDSO (Hexamethyldisiloxane, O[Si(CH3)3]2), a Venturi pump was investigated rather than 
using a conventional bubbler unit.  
Electrical and optical plasma diagnostics were performed for characterizing different 
plasma discharges. From the V-Q Lissajous plot, the net charge and current density were 
evaluated. The electron density was calculated with the estimated mobility value using 
Boltzmann equation solve BOLSIG program. The electron density of the parallel-plate type 
was around 2.2x10
8
/cm
3
. The two cylindrical torches for APCVD process were found to 
have higher electron density than the parallel-plate type. The electron density of direct type 
was 5.8x10
8 
/cm
3
 and 4.7x10
9 
/cm
3
 for remote type at the same applied voltage of 10 kV. The 
optical analysis results showed that the direct plasma has stronger emission intensity near 
the substrate area which means stronger surface reaction by higher number density of 
energetic ionic species.  
In the film deposition process, the direct plasma provided a more dense and smooth 
SiOx film morphology than the remote type. Based on the chemical composition, the film 
made by direct plasma was inorganic with high contents of silicon and oxygen instead of 
carbon. It means it can function as barrier layer against water and oxygen permeation. Hence, 
the  film deposited using direct plasma would be preferable or superior to the one by 
remote plasma. In order to adapt the CVD process for thermally weak, thin polymeric 
substrate, another dielectric layer of higher dielectric constant was added underneath the 
polymer sample on top of the ground electrode. As a result of which the total active 
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capacitance and charge density was enhanced even under lower voltage. The modified recipe 
and configuration provided a good film quality without any film damage.  
 
5.2 Future Work 
One dimensional self-consistent fluid model for the DBD system can be developed 
based on the continuity and momentum transfer equation. The numerical simulation and 
measurement results can be compared for better understanding of the APCVD process.   
The investigated results can be utilized to design a new extended APCVD system. 
Current cylindrical torch was designed for flexible treatment of 3D shape object which has 
sharp bend or curvature rather than a flat shape. In order to adapt to industrial film 
applications, an extended plasma source is needed. To support practical manufacturing 
processes, the carrier gas should be changed to N2 instead of expensive He. In the case of a N2 
based discharge, the gap distance, dielectric material selection and cooling scheme, every 
process parameter will need to be redesigned. A couple of different monomer sources other 
than HMDSO, producing films not limited to SiOx, could be explored and investigated for 
developing innovative APCVD process.   
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APPENDIX 
A. Calculation of Discharge Voltage UD 
In order to estimate the electron density using equation (2.1), the current density Je, E 
and electron mobility e need to be calculated. The discharge voltage UD is used in obtaining 
the input parameter E/p or E/N for BOLSIG program to calculate e. E is equal to UD/g, g is 
gap distance between the two counter electrodes, p is the pressure and N is the number 
density of neutral gas molecules at a specific pressure p. By using equation (3.3), UD can be 
determined from Umin, Cg and Cd value.  
         
 
(       )
                   (3.3)    
As shown in Fig. A. 1, Umin is obtained from the point Q=0 and Cg , Cd values has to be 
estimated from the first and the second slope (dQ/dV) of V-Q Lissajous parallelogram plot.  
 
          Fig A.1 V-Q Lissajous plot derived from V(t) and I(t) 
 
From Fig. A.1, the value of Cg for the parallel plate type DBD at 8kV was found to be 
2.09x10
-10 
F. From the linear fitting result as shown in Fig. A.1, Cd can be obtained from Cp 
and it was found to be 8.22x10
-10
F By extending the slope dQ/dV=C0 up to maximum 
voltage, the charge stored in dielectric layer Qd and the charge dissipated from plasma Q,  
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can be distinguished from each other. Without plasma discharge, the capacitance will be the 
same ( C0 ) during the whole period and at the maximum voltage the stored charge will 
correspond to Qd. The maximum charge Qmax should be read as an absolute value of the 
difference between the maximum and the minimum Q value. Generally, +, - sign in V-Q 
Lissajous plot depends upon the phase of the selected starting point of current waveform for 
the integration. For convenience, it can be plotted from zero without negative value.   
Umin was determined as 2.6kV and the net charge was estimated as 4.69C from the 
plot. The estimated Umin, Cg and Cd value were plugged in to equation (3.3) and UD was 
found to be 2.07kV and the input parameter E/N was found to be 165.6Td. The calculation 
procedure is shown below. 
E/N = (UD/g)/N=(2.07x10
3
V/0.05cm)/(2.5x10
19
/cm
3
)=16.56x10
-16
 Vcm
2 
= 165.6 Td 
(At the pressure of 1atm, assuming ideal molecules, N= 2.5x10
19
/cm
3
, 1 Td = 10
-17
 Vcm
2 
) 
 
B. Calculation of Electron Mobility e by using BOLSIG+ 
BOLSIG+ is a numerical Boltzmann equation solver for electrons in weakly ionized 
gases in uniform electric fields. These conditions typically appear in the bulk of collisional 
low-temperature plasmas. Under these conditions, the electron distribution is determined by 
the balance between electric acceleration and momentum loss and energy loss in collisions 
with neutral gas particles [67].  
The cross section data need to be browsed by clicking the button ‘Read collisions’ as 
shown in Fig. A.2 (a) and (b). The included standard input file or user’s own input file can 
be used. In the same operating window, ‘Species’ can be selected among the standard data 
base as shown in Fig. A.2 (c). If N2 is selected and ‘OK’ button is clicked, then the screen as 
shown in Fig. A.2 (d) appears. It loads all collision data of a selected N2 molecule. By 
clicking ‘New run’ button on that screen A.2 (d), the estimated E/N from the previous step 
in Appendix A. can be plugged in as an input parameter. At 8kV in the parallel-plate type 
DBD, E/N was 165.6 Td, Gas temperature was selected as room temperature T=300K.  
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(a)                                      (b) 
       
(c)                                  (d) 
    
(e)                                    (f) 
Fig. A.2. Operating windows of BOLSIG+ program 
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Based on that input parameter E/N, gas temperature and composition (100% N2) the 
calculated results of product of mobility and molecule density eN comes out to be 0.97E24 
[1/m/V/s]. Considering N=2.5x10
25
/m
3
, the electron mobility is 3.88 x 10
3
 cm
2
/V/s. 
Not only the mobility data, the output data set of BOLSIG+ program includes the 
electron energy distribution function, electron-related transport coefficients and rate 
coefficients. The BOLSIG+ performs series of calculations and generates tables of transport 
coefficients and rate coefficients as a function of the reduced electric field or the mean 
electron energy, which can be used as input data for fluid models of gas discharges [67]. One 
example of output file is shown in Appendix C in txt. file format. 
 
C. Calculation of Electron Density  
Using the equation (2.1), the electron density can be estimated with the calculation 
results in Appendix A and B.  
         𝐽𝑐𝑜𝑛𝑑
𝑒  = - 𝑛𝑒e𝜇𝑒E                  (2.1)    
The electron mobility and the electric field strength E at 8kV for the parallel-plate type 
DBD are already known to be e = 3.88x10
3
 cm
2
/V/s, E = UD/g = (2.07x10
3
V / 0.05cm ) = 
41.4x10
3 
V/cm. Je = Q/(T*A), where Q is a net charge, T is a period 33s for 30kHz AC 
power and A is the discharge area of 55x4 cm
2
. From the Fig. A.1, Q is read as 4.69C. As 
a result, Je can be calculated to be 6.46x10
-4
 C/(s·cm
2
) and the estimated ne from equation 
(2.1) is 2.5x10
8
/cm
3
.  
 
 
  
D. Example of Output File of BOLSIG+ 
 
Output file   - output8kV_Parallel_DBD.dat 
 
Electric field / N (Td)                        165.6     
Angular field frequency / N (m3/s)             0.000     
Gas temperature (K)                                  300.0     
Ionization degree                                       0.000     
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Electron density (1/m3)                             0.1000E+19 
Wave number / N (m2)                             0.000     
Longitudinal diffusion                               1.000     
Energy sharing                                          1.000     
Growth model                                          1.000     
Maxwellian mean energy (eV)                  0.000     
# of grid points                                         100.0     
Grid type                                              3.000     
Maximum energy                                     61.51     
Precision                                              0.1000E-09 
Convergence                                           0.1000E-03 
Maximum # of iterations                          100.0     
Mole fraction N2                                     1.000     
Mean energy (eV)                                    4.264     
Mobility x N (1/m/V/s)                           0.9709E+24 
Diffusion coefficient x N (1/m/s)              0.3153E+25 
Longitudinal diff. coef. x N (1/m/s)           0.2527E+25 
Energy mobility x N (1/m/V/s)                 0.1494E+25 
Energy diffusion coef. x N (1/m/s)           0.4631E+25 
Imaginary mobility x N (1/m/V/s)            0.000     
Total collision freq. / N (m3/s)                 0.1466E-12 
Effect. momentum freq. / N (m3/s)         0.1812E-12 
Effect. mom. transfer fraction                 1.000     
Temporal growth coef. (m3/s)                 0.2044E-16 
Spatial growth coef. (m2)                         0.1271E-21 
Power / N (eV m3/s)                                0.2663E-13 
Elastic power loss / N (eV m3/s)               0.2694E-16 
Inelastic power loss / N (eV m3/s)           0.2654E-13 
# of iterations                                          5.000     
# of grid trials                                          2.000     
Error code                                             0.000     
 
Rate coefficients (m
3
/s) 
C1    N2    Elastic                      0.1304E-12 
C2    N2    Excitation    0.02 eV         0.3174E-14 
C3    N2    Excitation    0.29 eV         0.3215E-15 
C4    N2    Excitation    0.29 eV         0.3910E-14 
C5    N2    Excitation    0.59 eV         0.2307E-14 
C6    N2    Excitation    0.88 eV         0.1576E-14 
C7    N2    Excitation    1.17 eV         0.1008E-14 
C8    N2    Excitation    1.47 eV         0.8002E-15 
C9    N2    Excitation    1.76 eV         0.6205E-15 
C10   N2    Excitation    2.06 eV         0.3118E-15 
C11   N2    Excitation    2.35 eV         0.1397E-15 
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C12   N2    Excitation    6.17 eV         0.2930E-16 
C13   N2    Excitation    7.00 eV         0.1151E-15 
C14   N2    Excitation    7.35 eV         0.4382E-15 
C15   N2    Excitation    7.36 eV         0.3123E-15 
C16   N2    Excitation    7.80 eV         0.9939E-16 
C17   N2    Excitation    8.16 eV         0.9731E-16 
C18   N2    Excitation    8.40 eV         0.7771E-16 
C19   N2    Excitation    8.55 eV         0.1891E-15 
C20   N2    Excitation    8.89 eV         0.1021E-15 
C21   N2    Excitation    11.03 eV        0.4411E-15 
C22   N2    Excitation    11.87 eV        0.7676E-17 
C23   N2    Excitation    12.25 eV        0.9850E-17 
C24   N2    Excitation    13.00 eV        0.1102E-15 
C25   N2    Ionization    15.60 eV        0.2044E-16 
 
Townsend coefficients (m
2
) 
C1    N2    Elastic                      0.8108E-18 
C2    N2    Excitation    0.02 eV         0.1974E-19 
C3    N2    Excitation    0.29 eV         0.1999E-20 
C4    N2    Excitation    0.29 eV         0.2432E-19 
C5    N2    Excitation    0.59 eV         0.1435E-19 
C6    N2    Excitation    0.88 eV         0.9804E-20 
C7    N2    Excitation    1.17 eV         0.6268E-20 
C8    N2    Excitation    1.47 eV         0.4977E-20 
C9    N2    Excitation    1.76 eV         0.3859E-20 
C10   N2    Excitation    2.06 eV         0.1939E-20 
C11   N2    Excitation    2.35 eV         0.8691E-21 
C12   N2    Excitation    6.17 eV         0.1822E-21 
C13   N2    Excitation    7.00 eV         0.7161E-21 
C14   N2    Excitation    7.35 eV         0.2725E-20 
C15   N2    Excitation    7.36 eV         0.1942E-20 
C16   N2    Excitation    7.80 eV         0.6182E-21 
C17   N2    Excitation    8.16 eV         0.6052E-21 
C18   N2    Excitation    8.40 eV         0.4833E-21 
C19   N2    Excitation    8.55 eV         0.1176E-20 
C20   N2    Excitation    8.89 eV         0.6353E-21 
C21   N2    Excitation    11.03 eV        0.2743E-20 
C22   N2    Excitation    11.87 eV        0.4774E-22 
C23   N2    Excitation    12.25 eV        0.6126E-22 
C24   N2    Excitation    13.00 eV        0.6855E-21 
C25   N2    Ionization    15.60 eV        0.1271E-21 
 
Energy loss coefficients (eV m
3
/s) 
C1    N2    Elastic                      0.2694E-16 
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C2    N2    Excitation    0.02 eV         0.6349E-16 
C3    N2    Excitation    0.29 eV         0.9323E-16 
C4    N2    Excitation    0.29 eV         0.1138E-14 
C5    N2    Excitation    0.59 eV         0.1361E-14 
C6    N2    Excitation    0.88 eV         0.1387E-14 
C7    N2    Excitation    1.17 eV         0.1179E-14 
C8    N2    Excitation    1.47 eV         0.1176E-14 
C9    N2    Excitation    1.76 eV         0.1092E-14 
C10   N2    Excitation    2.06 eV         0.6423E-15 
C11   N2    Excitation    2.35 eV         0.3284E-15 
C12   N2    Excitation    6.17 eV         0.1808E-15 
C13   N2    Excitation    7.00 eV         0.8059E-15 
C14   N2    Excitation    7.35 eV         0.3220E-14 
C15   N2    Excitation    7.36 eV         0.2298E-14 
C16   N2    Excitation    7.80 eV         0.7752E-15 
C17   N2    Excitation    8.16 eV         0.7940E-15 
C18   N2    Excitation    8.40 eV         0.6528E-15 
C19   N2    Excitation    8.55 eV         0.1617E-14 
C20   N2    Excitation    8.89 eV         0.9081E-15 
C21   N2    Excitation    11.03 eV        0.4865E-14 
C22   N2    Excitation    11.87 eV        0.9112E-16 
C23   N2    Excitation    12.25 eV        0.1207E-15 
C24   N2    Excitation    13.00 eV        0.1433E-14 
C25   N2    Ionization    15.60 eV        0.3189E-15 
 
Energy (eV) EEDF (eV-3/2) Anisotropy 
  0.0400       0.2232       0.2727E-02 
  0.1254       0.2232       0.3474E-02 
  0.2217       0.2231       0.5429E-02 
  0.3287       0.2230       0.1317E-01 
  0.4466       0.2227       0.3077E-01 
  0.5752       0.2220       0.6122E-01 
  0.7147       0.2205       0.1165     
  0.8650       0.2175       0.1790     
   1.026       0.2132       0.2394     
   1.198       0.2070       0.3194     
   1.381       0.1980       0.4199     
   1.574       0.1853       0.5364     
   1.779       0.1672       0.6788     
   1.994       0.1376       0.7877     
   2.220       0.1019       0.7901     
   2.456       0.7412E-01   0.6758     
   2.704       0.5848E-01   0.4777     
   2.962       0.5023E-01   0.3296     
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   3.231       0.4583E-01   0.2562     
   3.511       0.4298E-01   0.2278     
   3.802       0.4061E-01   0.2257     
   4.104       0.3851E-01   0.2336     
   4.416       0.3648E-01   0.2474     
   4.740       0.3450E-01   0.2609     
   5.074       0.3251E-01   0.2745     
   5.418       0.3052E-01   0.2886     
   5.774       0.2853E-01   0.3033     
   6.141       0.2656E-01   0.3186     
   6.518       0.2460E-01   0.3351     
   6.906       0.2267E-01   0.3531     
   7.305       0.2076E-01   0.3731     
   7.715       0.1885E-01   0.3957     
   8.135       0.1694E-01   0.4208     
   8.566       0.1508E-01   0.4472     
   9.009       0.1329E-01   0.4742     
   9.461       0.1158E-01   0.5011     
   9.925       0.9973E-02   0.5283     
   10.40       0.8492E-02   0.5567     
   10.89       0.7143E-02   0.5876     
   11.38       0.5927E-02   0.6221     
   11.89       0.4840E-02   0.6603     
   12.41       0.3882E-02   0.7022     
   12.93       0.3051E-02   0.7449     
   13.47       0.2342E-02   0.7803     
   14.02       0.1760E-02   0.7998     
   14.59       0.1314E-02   0.8034     
   15.16       0.9792E-03   0.8036     
   15.74       0.7295E-03   0.8069     
   16.33       0.5418E-03   0.8141     
   16.94       0.4000E-03   0.8232     
   17.55       0.2938E-03   0.8327     
   18.18       0.2146E-03   0.8439     
   18.82       0.1556E-03   0.8570     
   19.46       0.1120E-03   0.8708     
   20.12       0.7995E-04   0.8848     
   20.79       0.5658E-04   0.8987     
   21.47       0.3969E-04   0.9128     
   22.16       0.2759E-04   0.9273     
   22.86       0.1901E-04   0.9419     
   23.57       0.1299E-04   0.9568     
   24.30       0.8801E-05   0.9720     
   25.03       0.5911E-05   0.9873     
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   25.78       0.3934E-05    1.003     
   26.53       0.2594E-05    1.019     
   27.30       0.1694E-05    1.035     
   28.08       0.1095E-05    1.051     
   28.86       0.7011E-06    1.066     
   29.66       0.4451E-06    1.080     
   30.47       0.2803E-06    1.091     
   31.29       0.1753E-06    1.101     
   32.12       0.1087E-06    1.111     
   32.97       0.6696E-07    1.122     
   33.82       0.4091E-07    1.132     
   34.68       0.2481E-07    1.143     
   35.56       0.1494E-07    1.153     
   36.44       0.8932E-08    1.164     
   37.34       0.5300E-08    1.175     
   38.25       0.3121E-08    1.187     
   39.16       0.1825E-08    1.198     
   40.09       0.1059E-08    1.210     
   41.03       0.6099E-09    1.222     
   41.98       0.3490E-09    1.233     
   42.94       0.1983E-09    1.245     
   43.91       0.1119E-09    1.258     
   44.90       0.6270E-10    1.269     
   45.89       0.3495E-10   0.8207     
 
 
